Figure 1. Kinetic Model for a Genetic System Consisting of Linked Positive and Negative Circuits
(A) Clock design. The symbol X i represents the concentration of a gene product; odd and even subscripts represent mRNA and protein, respectively. Mass fluxes, which characterize the state of the system, correspond to the rate of synthesis and the rate of degradation/ dilution of each species and are represented by horizontal arrows; catalytic and regulatory influences are represented by vertical arrows. Activation of transcription is depicted as (ϩ); repression of transcription is depicted as (Ϫ). Undepicted factors and precursors are assumed to be constant. NRI is considered equivalent to NRI‫ف‬P under the conditions of our experiments. The last 2 horizontal levels of the model represent transcription, translation and removal processes for products of the lacZYA operon, which serves as a reporter for the concentration of LacI (X 4 ). (B) Design space with a geometry that is completely defined by the kinetic orders and rate constants of the model (not drawn to scale). The key regulatory interactions are represented by kinetic orders that reflect the cooperativity of the interactions. g 12 and g 14 are kinetic orders representing the influence of activator NRI‫ف‬P (X 2 ) and repressor LacI (X 4 ) on the rate of synthesis of NRI mRNA (X 1 ). g 32 is the kinetic order representing the influence of activator NRI‫ف‬P (X 2 ) on the rate of synthesis of LacI mRNA (X 3 ). Each point within this space represents a specific design. The signs of kinetic orders representing effects on transcription (g 12 Ͼ 0, g 14 Ͼ 0, and g 32 Ͼ 0) dictate that only designs in the lower right-hand quadrant of this space are realizable. When perturbed from the steady state, designs represented by points above the line with negative slope are predicted to exhibit dynamic instability that grows exponentially with time (i.e., the solution in the neighborhood of the steady state has a single eigenvalue with positive real part), whereas those below both inclined lines are predicted to exhibit dynamic instability that oscillates with exponentially increasing amplitude (i.e., the solution in the neighborhood of the steady state has 2 complex conjugate eigenvalues with positive real part). Conversely, designs represented by points below the line with negative slope and above that with positive slope are predicted to exhibit locally stable dynamic behavior (i.e., the solution in the neighborhood of the steady state has no eigenvalues with positive real part). These results can be used to guide construction of order for activation of the activator module (g 12 ) versus the product of the kinetic orders for activation of the circuitry without detailed knowledge of the biochemical parameters. Once one has constructed an initial circuit, repressor module (g 32 ) and for repression of the activator module (g 14 ). The boundaries defining the "sectors" of its behavior will suggest its location in design space. Knowing its initial location suggests parameter alterthis design space are determined by the stability of the mRNA and proteins species. There will always be a line ations that will move the design into a region producing the desired behavior. For example, in the construction with positive slope and another with negative slope; the slopes of these lines and their intercepts depend upon of a clock, if the initial circuit displays damped oscillatory behavior characteristic of "sector 1" (Figure 1B) , it the half-lives (Supplemental Data available at http:// These parts were chosen because they permit manipulation of the kinetic order of activation and repression of the clock modules, and because the relative positionindependence of activator and repressor binding sites simplifies the building of promoters. The activator module consists of a modified glnA promoter region fused to the glnG (ntrC) structural gene for the activator, NRI (NtrC). The glnAp2 promoter was modified by adding two "perfect" lacO operator sequences (lacO*), one centered at ϩ11 relative to the transcription start site, similar to lac, and the other centered at Ϫ161 (Figure 2 ). Our design was intended to permit formation of a repression DNA loop upon engagement of the tetrameric LacI repressor, as occurs at lac (Oehler et al., 1990). Since we used two perfect operator sequences, the repression loop formed might be even more stable than the repression loop formed at lac. lation of NRI under nitrogen-limiting conditions and dephosphorylation of NRI‫ف‬P under nitrogen-excess conditions. To insulate our clock from the cellular nitroshould be possible to "move" the clock design into the gen status, we used a mutant NRII protein, NRII2302 desired "sector 4," where stable oscillations are obthat is partially defective in phosphatase activity and served. This can be accomplished either by adjusting brings about the phosphorylation of NRI under all condikinetic orders (moving the point from sector 1 to sector tions. While NRII2302 is not completely defective in 4, e.g., Figure 1E ) or by altering rate constants (moving phosphatase activity, its use under the conditions of our the line that defines the boundary between sector 1 experiments disconnects our clock from the nitrogen and sector 4 across the point). An example of the latter status of the cell to a considerable extent. We provided process is shown in Figure 1F ; the design is the same NRII2302 from a multicopy plasmid (not depicted in Figas that producing the results in Figure 1D , except that ure 2), resulting in slightly higher expression than that the lifetime of repressor mRNA (1/␤ 3 ) has been increased of NRII in wild-type cells.
10-fold. Altering this parameter moves the boundary so
For the repressor module, we used the glnK promoter that the system design now falls within sector 4 and of E. coli ( The clock modules were placed on the E. coli chromosome in single copy within "landing pads" designed for Predicting Optimal Changes in Design transcriptional isolation of genes. These landing pads
The results in the previous section suggested that our contain restriction sites for cloning located between insystem design was in sector 1 ( Figure 1B) , and thus we trinsic transcription termination sequences. A drugexplored the movements in design space that would resistance marker was placed just outside one of the bring the design into sector 4. The shortest distance, d, terminators to facilitate transfer of the module by generbetween the point in sector 1 representing the system alized transduction. One of the landing pads, described design and the boundary to sector 4 is represented by previously (Simons et al., 1987; Elliot, 1992) , was within a line from the point perpendicular to the boundary. This the trp operon. Two others, in the glnK and rbs regions, distance can be expressed in terms of the geometry of were constructed as part of this work (Supplemental the design space and the parameters in our design. The Data available at http://www.cell.com/cgi/content/ method for calculating this distance is presented in the full/113/5/597/DC1). The activator and repressor modSupplemental Data available at http://www.cell.com/ ules could be placed on either leading or lagging strands cgi/content/full/113/5/597/DC1. of the replicore by cloning into the landing pad in differWhich parameter, when changed, will most effectively ent orientations, followed by recombination onto the reduce the distance between a point in sector 1 and the chromosome. Repressor and activator modules were boundary to sector 4 to zero? That is, which parameter assembled in cells containing mutations in the chromois the best target to convert a system producing damped somal lacI, glnG, and glnL genes, such that the only source oscillations to one producing sustained oscillations? We of LacI was the repressor module, the only source of NRI compared the parameters by varying the value of each was the activator module, and the only source of NRII2302 about its nominal value and observing the resulting was the plasmid (Supplemental Data available at http:// change in the nominal distance to the lower boundary www.cell.com/cgi/content/full/113/5/597/DC1). In these (Figure 4 ). The effect of altering parameters can be cells, expression of the chromosomal lacZYA operon ranked: The cooperativity g 12 is the most effective, reand Ntr genes such as glnA (encoding glutamine synthequiring only a ‫%01ف‬ increase to reduce the distance to tase) are under the control of the genetic clock.
zero. Next is the rate constant for degradation of activator ␤ 2 , which requires only a slightly larger increase ‫.)%51ف(‬ Then is the cooperativity product g 14 g 32 , but Experimental Test of the Design this must increase ‫5.2ف‬ fold. Finally, the rate constant Clock function was synchronized by growing a seed for repressor mRNA degradation ␤ 3 would have be deculture in medium containing IPTG, a gratuitous inducer creased ‫-5ف‬fold. It is not practical to change the other that inactivates Lac repressor. Cells were washed to two parameters. Even a 100-fold increase in the rate remove IPTG and used to inoculate a chemostat. Culconstant for activator mRNA degradation ␤ 1 does not tures were then incubated in the chemostat in the abreduce the distance to zero. Although decreasing the sence of inducer, with the nutrient flow adjusted to mainrate constant for repressor degradation ␤ 4 by ‫%51ف‬ tain a stable culture density. That is, the chemostat was would reduce the distance to zero, repressor is already used as a turbidostat. Effluent from the chemostat was a very stable protein and increasing its stability further periodically analyzed for reporter gene expression. is impractical. Thus, the best strategy for generating Using the combination of modules depicted in and Repressor Modules The activation of the activator module glnAp2 promoter 1996), the natural clock routinely provides Ͼ10 cycles in similar experiments. (Also, the natural clock is entrainis expected to display an S-shaped kinetic profile. At low concentrations of activator (X 2 ), below the threshold able by light and the period is unaffected by temperature [Kondo et al., 1997] ). Nevertheless, our synthetic threefor activation, there will be little expression from the promoter and the kinetic order with respect to X 2 is cycle clock with damped oscillations represents a considerable advance over previous synthetic clock cirnearly zero. As X 2 is increased into the range of regulating concentrations, the promoter is activated with a kicuitry (Elowitz and Leibler, 2000) . Clock function could be routinely observed for 70 hr under these conditions netic order dependent on features of the construction, such as enhancer strength and the spacing of promoter without entrainment, indicating considerable resistance to noise. When grown in rich medium under conditions and enhancer. Finally, at high X 2 concentrations, the promoter is fully activated and the kinetic order with that resulted in a doubling time of ‫1ف‬ hr, the period of 
lines). shown). If the system is poised such that the X 2 concentration is at the low end of the regulating range, then
Interestingly, the 4-cycle clock displayed very low levels of lacZ expression during the initial 10 hr of the increasing X 2 has the potential to increase the kinetic order for activation of the activator module (g 12 ) and thus experiments (e.g., Figures 5B and 5E, Figure 6 , top). Since the initial level of ␤-galactosidase reflects tranto move the system into sector 4 of design space. This adjustment seeks to take better advantage of the potenscription that occurred in the seed culture in the presence of IPTG, the 4-cycle clock must produce a very tial cooperativity inherent in the activator module.
The simplest means of increasing the concentration high level of LacI during growth in the presence of IPTG, such that lacZYA was repressed even though IPTG was of X 2 is to increase the activator module copy number. In rapidly growing E. coli cells, the copy number of genes present. This possibility was not built into our model, and thus the simulations of ␤-galactosidase activity do located near the origin of DNA replication is about 4-fold greater than the copy number of genes located near the not fit well with the experimental data at the beginning of the clock experiments. terminus of DNA replication. To alter the relative copy number of the activator module, we changed its position Our clock is designed to produce regular bursts of activator and repressor. In the experiments above, we on the E. coli chromosome from the trp region near the replication terminus to the rbs region near the replication measured expression of lacZ expression as a reporter of repressor concentration. To assess the periodicity of origin. When the configuration of modules depicted in Figure 5A were used, damped oscillations exhibiting at activator, we conducted another experiment, and assayed samples for expression of the glnA product, glutaleast 4 cycles with a 10 hr period were reproducibly obtained in experiments lasting ‫05ف‬ hr ( Figure 5B ). We mine synthetase (GS, Figure 5D ), the expression of lacZ ( Figure 5E) , and for the level of NRI by immunoblotting interpret these results as indicating that altering the chromosomal location of the activator module brought (data not shown). Combining these measurements in a showed significant variation, damping at the population pressed from the chromosomal lacZ (data not shown, see below). This is not unexpected, since the promoter level would be observed because perfect oscillators in individual cells would become progressively out of driving CFP expression has a single lac operator, as opposed to the three operators at lacZYA. At the singlephase. Of course, the observed damping may be due to damped oscillators that also become out of phase. cell level, damping of oscillations was evident ( Figure  6 ). Strongly fluorescent cells were only obtained at the Thus, interpretation of the results required information on clock function at the single cell level. When the popufirst peak of CFP expression, and later peaks contained cells that were less fluorescent. In a separate experilation achieves steady state, similar expression levels of reporter should be observed in all cells according to ment, we compared two samples with equal fluorescence, one consisting of cells from the final steady state the former hypothesis, whereas a wide range of expression levels of reporter should be observed among cells and the other consisting of a mixture of cells from the first peak and trough. These samples were quite distinct, if the latter hypothesis is true.
To examine the level of LacI at the single cell level, as only the mixture of cells from the first peak and trough had a significant fraction of highly fluorescent cells (data we used a fusion of a LacI-repressible promoter to the gene encoding cyan fluorescent protein (CFP; Elowitz not shown). This suggests that the observed damping is mainly due to the clock design. et al. 2002). This reporter, in a single-copy-landing pad within the gal operon of E. coli, was introduced into the strain depicted in Figure 5A , and a standard clock Building a Genetic Toggle Switch Our system should produce toggle-switch behavior experiment was performed in which 4 cycles of lacZYA expression were obtained (Figure 6, top) . During the when parameters place it in sectors 2 or 3 of design space (Figure 1) . The simplest way to reach sectors 2 clock run, samples were frozen and later total fluorescence of these samples was measured and CFP expresor 3 is by reducing the product g 32 g 14 . The kinetic order g 32 can be reduced to zero by disconnecting the producsion in single cells was determined by fluorescence microscopy (Experimental Procedures). At the population tion of repressor from activator, such as by having repressor synthesized constitutively from the natural lacI level, CFP levels exhibited damped oscillations that were slightly out of phase with ␤-galactosidase expromoter. The resulting circuit is represented by the kinetic model in Figure 1A when the vertical arrow deonly realizable models lie along the g 12 axis in Figure  1B . If the kinetic order g 12 is high enough, the system picting the positive influence of activator on the synthesis of X 3 is eliminated, and by the construct represented will fall into sector 2 (between points b and e in Figure  1B ) and toggle-switch behavior should result. The prein Figure 2B . The level of effective repressor can be controlled by varying the IPTG concentration, using a diction is then that activator concentration will switch from a low level when the system is repressed to a high lacY mutant strain that is unable to increase the transport of IPTG in response to induction. In this case, the level when derepressed and that the concentration of repressor at which switching occurs will depend on the history of the system. Activator concentration was scored by measuring glutamine synthetase. A detailed analysis of the hysteretic behavior can be found in Savageau (2002). The intuitive explanation for the hysteresis is as follows. There is a competition between activator and repressor at the promoter of the activator module. At intermediate concentrations of repressor (given indirectly by the concentration of IPTG), there is an unstable state (a balance point at which the two influences are equivalent), such that any slight positive perturbation of activator will cause the system to "run away" to the upper steady state because of the "gain" in positive feedback and any slight negative perturbation will cause the system to run away to the lower steady state because of the "loss" in positive feedback. At these intermediate concentrations of repressor (IPTG), there will be two different steady states, depending on the system history. At a sufficiently high concentration of repressor, positive feedback is effectively blocked and no positive perturbation of activator is sufficient to initiate the run away to the upper steady state. Conversely, at a sufficiently low concentration of repressor, positive feedback will dominate and no negative perturbation of activator is sufficient to initiate the run away to the lower steady state. These two concentrations of repressor (IPTG) define the two thresholds at which switching occurs on the hysteretic curve. promoter, which also is activated by NRI‫ف‬P, fused to order g 12 of this system has a value greater than 1.0 (the the structural gene lacI. This design connects the output x-value of point b in Figure 1B) and less than the x-value of the activator module to the input of the repressor of point f in Figure 1B. module. The repressor module for the toggle switch is the native transcriptional unit for the LacI repressor, which is constitutive and disconnected from the output Discussion of the activator module. Our clock was developed without a complete set of Synthetic genetic systems have the potential to advance our understanding of cellular processes. In addition to biochemical parameters for the interactions that it employs. Our method was designed to circumvent this abserving practical applications, these systems can facilitate the study of system design principles and advance sence of biochemical information, and thus may be applicable to other genetic engineering projects. Initially, our understanding of the natural components used as parts. Our genetic systems produce damped oscillawe explored the capabilities of models in general terms, where the relationship among parameters was considtions or toggle-switch behavior in a noise-resistant fashion in large populations of cells. The genetic stability of ered as opposed to the values of the parameters themselves. Models not feasible to build or test were rejected these systems, the availability of a model that approximates their behavior, and the modular nature of their without detailed analysis. Models were then explored to determine whether there is a region of realizable design design render them useful tools for further study.
The circuits are comprised of activator and repressor space showing the desired behavior. In our case, we saw that realizable designs derived from the model in modules. The activator module for both the clock and 
